trapment without axial symptoms, the surgeon may opt for limited decompression. However, this approach risks iatrogenic destabilization in the setting of advanced spondylosis. A more typical approach is to perform revision posterior surgery with both a laminectomy and extension of the instrumentation and fusion to the rostral level(s). However, this method requires extensive soft tissue dissection to expose the previously implanted hardware, adding to surgical blood loss and postoperative pain and prolonging recovery with high associated health care costs. 13 For example, Smorqick et al. found that revision posterior surgery involved a mean blood loss of 1606 ml, 16% greater than in similar primary surgeries. 15 The surgeon will typically have to explant or attach onto the previous hardware construct, expanding the surgical enterprise. In addition, exposing the previous laminectomy site poses a higher risk of dural violations and CSF leakage due to postoperative scar tissue. 9 An alternative strategy for revision surgery is to opt for an entirely different access route to the spine. Minimally invasive surgical techniques to fuse and decompress the spinal column have become increasingly popular over the past decade. In particular, the minimally invasive lateral approach innovated by Pimenta has become popular given the advent of electrophysiological navigation and tubular retractor technology. 5, 7, 12 These developments have allowed for less invasive access to the spinal column by navigating through the lumbosacral plexus and psoas muscle using real-time electromyographic feedback. 16 A lateral approach also gives the surgeon the ability to achieve a robust fusion by using a cage that spans the vertebral endplates from the right to the left side. This places the cage in contact with the apophyseal ring of the vertebral body, which is the strongest area of the endplate, and reduces the likelihood of settling as fusion occurs. Preservation of the anterior and posterior longitudinal ligaments allows for tensioning of these structures to confer stability using the cage alone.
The wide application of anterior and anterolateral interbody fusions has also led to the realization that indirect decompression can be useful for treating neurological compression. Indirect decompression relies on distraction across the intervertebral space to stretch the spinal ligaments and open the central canal as well as increase the foraminal space for the exiting nerve root. This approach has since been validated as a reliable method of increasing the foraminal space. In a study by Cho et al., anterior lumbar interbody fusion (ALIF) increased foraminal space by an average of 43%. 3 A study of lateral interbody fusion by Kepler et al. showed a 35% increase of foraminal space. 8 Elowitz et al. showed that in 15 patients dural sac dimensions in the anteroposterior and mediolateral planes improved by 54% and 48%, respectively. 6 The dural sac area increased an average of 143%.
In the present study we explored a small series of patients who had undergone minimally invasive lateral interbody fusion to achieve indirect decompression and stabilization for ASD without supplemental pedicle screw fixation. This method has been controversial given concerns that fusion rates may suffer due to the stiff caudal instrumented construct. However, growing experience with anecdotal cases indicates that a lateral minimally invasive approach may indeed be acceptable for limited rostral fusions.
Methods

Patient Population
Cases were retrospectively evaluated under institutional review board exemptions. For a 30-month period at two academic institutions, we sought cases of low lumbar fusion in which clinical and radiographic findings were consistent with progressive degeneration at the adjacent spinal level(s) with associated new back and/or leg symptoms failing conservative measures, including physical therapy, antiinflammatory medications, low-dose narcotics, and epidural injections. Presentations included neurogenic claudication, radiculopathy, and/or intractable low-back pain. All patients had undergone minimally invasive lateral interbody fusion from the side of greater leg pain without supplemental pedicle screw fixation. Patients were excluded from the study if they had undergone surgery for a nondegenerative etiology such as infection or trauma. They were also excluded if the intervention involved supplemental posterior instrumented fusion with transpedicular screws.
Surgical Technique
The surgery is accomplished with the patient in the lateral position while under general anesthesia. Positioning in the lateral position is critical to flex the spine to open the side of the approach, spreading the space between the lower rib cage and the iliac crest. A 3-cm transverse flank incision is made directly over the disc space(s) of interest, and the muscular layers are dissected to expose the retroperitoneal space. The psoas muscle belly is identified, and a Kirschner wire (K-wire) is placed into the disc space of interest under lateral fluoroscopic imaging. In some cases a second smaller incision is made more posteriorly to dissect the retroperitoneal space bluntly with a finger. The wire is passed with the surgeon's finger guiding it to ensure safe access without violation of any vascular or hollow viscus structures. A succession of tubular retractors is passed over the K-wire, allowing placement of a final expandable retractor; this is done under live electromyography surveillance. The surface of the psoas muscle is mapped to ensure that there are no lumbosacral nerves in proximity. The route of access is confirmed on anteroposterior imaging, and the remainder of the discectomy, fusion, and hardware placement is performed under anteroposterior fluoroscopy.
After incising the annulus, we use curettes and rongeurs to remove the disc material. The vertebral endplates are prepared, taking care not to violate the cortical endplates to minimize cage settling. Care is also taken to ensure that the contralateral annulus is opened to allow for proper intervertebral distraction. The anterior and posterior longitudinal ligaments are preserved to allow tensioning of these structures, with cage distraction to improve structural rigidity and allow for indirect neural decompression.
Cage height is chosen based on preoperative disc J Neurosurg: Spine / Volume 21 / December 2014 height, mobility of the motion segment with intraoperative manipulation, bone density, and degree of indirect decompression needed. An appropriately sized poly etheretherketone (PEEK) or carbon fiber cage is then filled with two recombinant human bone morphogenetic protein-2 (rhBMP-2) sponges (InFuse, Medtronic Sofamor Danek) for a dose of 4.2 mg/level. Note that this is an off-label use of rhBMP-2 based on FDA clearance. After surgery, patients are kept in the hospital until they are able to pass flatus, eat, void, and ambulate independently. All patients wear an external orthosis for 12 weeks.
Outcome Measures
Clinical metrics included preoperative and postoperative numeric pain scale (NPS) scores obtained separately for leg and back pain. Scoring was performed at routine postoperative clinic visits and determined using a 10-point scale, with 10 being the greatest pain and 0 being the absence of pain. Radiographic analysis was performed on dynamic radiographs to assess stability and fusion after surgery. Intervertebral height was measured (in mm) by comparing the mid-disc height from one adjacent endplate to the next across the fusion site. Settling was then determined as the difference between immediate postoperative and last follow-up intervertebral heights. Segmental lordosis was determined by measuring the sagittal Cobb angle between the upper endplate of the upper vertebral body in relation to the lower endplate of the lower vertebral body fused. All patients underwent spiral slice CT scanning with sagittal and coronal reconstructed images to assess bridging bone to determine if bony fusion had occurred. Fusion was confirmed with the radiologist's official reading of the CT scan. Statistical comparisons were determined using a Student t-test.
Results
Case Series
During the study period, 21 consecutive patients were successfully treated at 25 levels ( Figs. 1 and 2 ). There were no conversions to open surgery and no aborted procedures (Table 1) . Neither was there any case in which an unplanned supplemental posterior pedicle screw had to be placed. The mean patient age was 61 years (range 37-87 years), and 43% of the patients were female. Four of the patients had 2 levels fused, while the remainder had single-level surgery. The prior surgery had been performed for a mean of 2.3 ± 0.80 fusion levels (range 1-3 levels). Surgery was performed at the L1-2 level (1 case), the L2-3 level (13 cases), the L3-4 level (10 cases), and the L4-5 level (1 case). The rhBMP-2 was used in the interbody space in all cases. Cage height varied from 8 to 14 mm, with a mean height of 10.3 mm. The mean followup was 23.6 months, with all patients continuing with outpatient visits until radiographic fusion was confirmed on CT scanning and clinical outcomes were stabilized.
The mean total operative time was 86.2 ± 29.5 minutes (range 45-155 minutes), and mean blood loss was 93.1 ± 55.1 ml (range 20-200 ml). In 6 patients, anterior vertebral body screws had been placed or anterolateral plating had been accomplished at the time of the index surgery. The inpatient duration of stay averaged 2.4 ± 0.97 days (range 1-4 days). All patients were discharged to home.
Outcomes and Complications
The leg pain NPS score improved from a mean of 6.3 to 1.9 (p < 0.01), and the back pain NPS score improved from a mean of 7.5 to 2.9 (p < 0.01). Two of the patients experienced no clinical improvement in one of the pain measures (Table 2) . One patient had symptoms primarily of neurogenic claudication. Treatment with 2-level sur gery at L2-4 resulted in minimal indirect decompression as seen on postoperative myelography. Although the symptoms of back pain improved, the patient continued to experience distance-limited gait. He later underwent direct decompression for failure of indirect decompression using the cage to restore neurological function. However, even after the direct decompression procedure (hemilaminotomy with medial facetectomy at L2-3 and L3-4), he did not experience relief. Another patient had severe mechanical low-back pain. Surgery improved his leg pain, which was minimal, but his back pain remained 9 out of 10. It was determined to be primarily due to sacroiliac joint arthritis based on a positive response to repeated injections.
Immediate postoperative intervertebral height was 10.4 ± 1.4 mm. At the last follow-up, intervertebral height reduced to an average of 8.7 ± 1.6 mm, indicating intervertebral settling of 1.7 mm. Segmental lordosis improved from a mean of 9.8° to 11.9° for each of the 25 levels between the preoperative and final follow-up radiographs. However, global lumbar lordosis (L1-S1) decreased by 2° comparing preoperative and last follow-up radiographs (44° ± 21° vs 42° ± 19°). All patients demonstrated bridging bone on CT scanning at the last follow-up, indicating solid bony fusion.
Complications
There were no major or minor intraoperative or perioperative complications. New thigh numbness, pain, dysesthesias, or weakness indicative of a lumbosacral plexopathy were not seen in any of the patients by their 3-month follow-up visit. Two patients had a more extended hospital stay because of worsened constipation postoperatively. However, there were no cases of hollow viscus injuries, vascular insults, hernias, wound infections, CSF leakage, or cosmetic problems. One patient had the index lateral surgery at L2-3, but then developed an adjacentlevel problem at L1-2. She underwent posterior revision surgery that crossed the thoracolumbar junction.
Discussion
Adjacent-level degeneration has been reported to occur with some regularity after lumbar fusion surgery. In a recent literature review by Radcliff et al., 14 the rate of symptomatic ASD after decompression and stabilization procedures approximated 2%-3% per year. Given this high incidence, spinal surgeons are facing a growing population of patients in need of treatment for ASD. In J Neurosurg: Spine / Volume 21 / December 2014 this series we treated patients with rostral ASD following a previous lumbar or lumbosacral fusion. Using rhBMP-2 and synthetic cages, we identified a high fusion rate that was associated with a concomitant improvement in clinical signs and symptoms of both back and leg pain. These findings suggest that supplemental posterior instrumentation does not need to be performed for all cases of ASD treated surgically.
A lateral approach is particularly suited for treating lumbar ASD since the majority of primary lumbar fusions occur at the L3-S1 level. Most ASD occurs proximal to this location and thus would involve surgery at the mid or high lumbar segments. This reduces the potential for problems with neurological complications associated with lateral transpsoas surgery at the L4-5 level.
2 Indeed, in the present limited case series, we identified a very low incidence of new thigh pain, weakness, numbness, or dysesthesias compared with that in a previous series. 4 This is probably attributable to the fact that the majority of cases involved levels at or above the L-3 exiting nerve root.
This approach has the advantage of being minimally invasive. Using only a small flank incision, we were able to provide 1-or 2-level interbody fusion. The mean blood loss of 93.1 ml and the mean hospital stay of 2.4 days demonstrate that this approach, if effective, is likely to cause substantially less morbidity than a dorsal approach to the spine. A standard posterior revision surgery would involve a laminectomy with potential concomitant fusion and extension of instrumentation. Such an approach is substantially more complicated, carrying a higher rate of CSF leakage and requiring the management of previously implanted spinal instrumentation. Another advantage to this approach relates to the fact that the posterior spinal elements, including the rostral facet joint capsules, are not disrupted through a lateral approach; thus, additional degeneration at the supraadjacent level may also be less likely to occur, as has been seen with ALIF. The use of this approach after a previous lateral fusion may be more problematic through the same side, but the contralateral side could be used. The degree of subsidence in our study was less than in previous investigations. Marchi et al. reported, at 12 months, that 70% of 61 patients with minimally invasive lateral interbody fusion had 0%-49% subsidence and 30% had 50%-100% subsidence.
10 Subsidence was typically seen at 6 weeks or earlier, and it occurred predominantly (68%) in the inferior endplate. One might expect subsidence rates to be higher in ASD cases, because of the rigid caudal fusion, but this was not demonstrated in our study. The presence of pedicle screws in the vertebral body below may have been responsible for this finding. Careful attention to proper endplate preparation without violation of the cortical endplate is also critical to minimizing settling.
However, note that this procedure does not significantly add or improve global lumbar lordosis, as demonstrated by a slight loss of global lumbar lordosis after lateral surgery. Thus, its application in patients who have the potential for sagittal imbalance must be carefully considered. In addition, because of concerns regarding cage settling, these cases were carefully selected to exclude patients with any significant kyphosis, listhesis, or osteoporosis.
There are several limitations to this study. The first relates to the ability to generalize the results. With regard to the relief of neurological symptoms of stenosis, the minimally invasive lateral approach relies entirely on indirect decompression by elevating intervertebral column height, which expands the neuroforamen and tensions the longitudinal ligaments to open the central canal. While we found excellent clinical results, one might expect this approach to be occasionally inadequate in cases of severe stenosis; one of our patients underwent a subsequent formal neural decompression. A larger study with a wider variety of specific pathologies would be helpful to validate this technique across the broad spectrum of ASD.
Another major limitation relates to our ability to ascertain definitive fusion. The current gold standard for spinal fusion is direct inspection and palpation at surgery. Imaging surrogates, such as dynamic radiographs, 3D CT scans, and nuclear medicine studies, can be helpful. In this series we used sagittal and coronal reconstructed fine-cut CT scans to identify bridging bone between the treated vertebral bodies as the determinant of fusion, which is the best early indicator of successful arthrodesis. However, a follow-up longer than 2 years would also be helpful, as an osseous nonunion would likely become more apparent clinically or radiographically over more protracted periods of time. Longer follow-up studies are therefore necessary as well.
Finally, the application of rhBMP-2 in this setting represents an off-label FDA use. To date, however, few reports have indicated that this application is problematic through a direct lateral approach. This is in contradistinction to BMP use in transforaminal interbody fusion where the incidence of radiculitis has been reported to be as high as 11.4%. 11 This difference is likely attributable to the fact that there is no direct exposure or contact with the spinal canal, dura mater, or neural elements. The use of BMP in this setting is thus more similar to its use in ALIF, which is the on-label indication for rhBMP-2. 
Conclusions
This limited study suggests that minimally invasive lateral interbody fusion may be a viable alternative for treating ASD following a previous lumbosacral fusion. The approach can result in adequate indirect neural decompression as well as solid arthrodesis in the majority of cases without requiring supplemental posterior fixation.
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